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To fully take advantage of the potential of bio-based molecules, selective 
modification chemistry on different functional groups is needed. Among the all, unsaturated 
diacid has been recognized as a high value-added category. The unsaturated bonds provide 
the position for further modification, and the diacid structure has various application in the 
polymer industry. However, the selective amination pathway between C-C double bonds and 
carboxylic acid groups has not been fully discussed in the literature. The goal of this work 
was to provide the chemistry information of selective amination pathways from bio-based 
unsaturated acids. 
This work focused on the ammonolysis of more reactive acid derivative, esters, to 
demonstrate the ammonolysis reaction pathways. Dimethyl fumarate ammonolysis was 
conducted in both an ammonium hydroxide solution and an ammonia/methanol solution, the 
side reactions—hydrolysis and conjugate addition—were discussed respectively. We 
concluded that the conjugate addition reactivity differences between esters and amides can 
simplify the ammonolysis and conjugate addition into competing reactions. Additionally, we 
showed that temperature is a key factor to improve the yield of the unsaturated by reducing 
the side reaction. 
More esters were tested to study different structural effects in ammonolysis reactions. 
The selectivity differences between geometric isomers were addressed by comparing 
dimethyl fumarate and dimethyl maleate ammonolysis. To demonstrate the feasibility of 
producing unsaturated amides, dimethyl 3-hexedioate was tested. A higher selectivity to 
unsaturated amide had been achieved. Finally, a hypothesis that unsaturated bonds near the 
ester groups accelerate the ester ammonolysis had been made.   
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CHAPTER 1.    INTRODUCTION 
Introduction to Bio-Based Chemicals 
Price fluctuation of crude oil aroused the awareness of the chemical production that 
highly relies on fossil fuel supply. To reduce the dependence of crude oil, research interests 
have been focused on developing alternatives in past decades. In the recent research, 
renewable bio-based feedstocks have been considered the alternative carbon source of fossil 
fuel.1 
To promote the motivation of developing biorenewables production techniques, 
targeting a profitable market is a reasonable direction. However, the comparison between 
petroleum-based products and bio-based products is unavoidable in every product category. 
Mature production processes in the petroleum industry increased the threshold of entering 
those markets. Despite the challenges of bio-based chemicals, opportunities still existed. 
Among all the categories, chemical is the most value-added one which leads to the growing 
of commercial interest in bio-based feedstocks.2 
Based on the estimation, the production of bulk chemicals from bio-based feedstocks 
could reach up to 113 million tons by 2050, representing around 38% of all organic chemical 
production.3, 4 The estimation indicated that bio-based chemicals will be a fast-growing 
market worldwide, and the development of biorenewables conversion will be a remarkable 
research direction. 
Bio-Based Platform Molecules 
In the petroleum industry, crude oil was refined to produce small molecules, such as 
ethylene, propylene, C4 olefins, and the aromatics. These small molecules were further 
combined or functionalized to produce various chemical products.5 Similar to crude oil, bio-
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based feedstocks were complex compounds which needed to be trimmed for further 
application. Based on the refining experience in the petroleum industry, a simple thought to 
utilize bio-based feedstocks was cutting these complex materials into smaller functionalized 
fragments and modifying them to produce desired products. However, randomly 
defunctionalized these compounds to obtain fragments and functionalized the fragments 
again is an inefficient method. The different nature between petroleum-based chemicals and 
bio-based chemicals should be considered when processes are designed. A significant 
difference was that most of the bio-based feedstocks contained multiple functional groups. 
Some of the functional groups could be utilized in the final products. However, removing or 
modifying the rest of the functional groups selectively is challenging.6 
One possible solution is applying biological catalysis to improve the selectivity.  
Owing to the nature of enzymes, many biological catalysis processes can modify specific 
molecules precisely. However, biological catalysis was limited by narrow operation 
conditions; extreme conditions on temperature and pH value were restricted, which make that 
the reactions are unable to be accelerated easily. These limitations lead to the fact that 
heterogeneous catalysis is still dominating in many reactions. To produce bio-based chemical 
with high selectivity and low cost, the balance between two catalysis methods becomes a 
critical problem. An approach to solve this problem is considering the structure of bio-based 
feedstocks and find the intermediate that could be derived by biological catalysis. At the 
same time, these platform molecules could be utilized as the refined products in the 
petroleum industry. The difference between them is that the platform molecules contain 
several functional groups which could be used to produce downstream chemicals more 
effectively. This approach has become an important direction in bio-based chemical research. 
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Top value-added platform molecules listed in 2004, suggested several bridge 
molecules could be the building blocks to produce commercial chemicals efficiently.7 These 
platform molecules were examined in two parts. First, they must be derived from easily 
obtained biorenewables such as sugars. Second, they could be converted into secondary 
chemical products. The functional groups were taken into platform molecules designed by 
considering the value-added derivatives they can be converted to. This approach was 
basically based on known valuable products. However, replacing commercial chemicals by 
renewable sources is just one of the advantages of developing bio-based feedstocks. 
The nature of the bio-based feedstock structures can provide different reaction 
pathways from petroleum-based feedstocks.8 These novel pathways can potentially be more 
efficient routes to existing products or be the unique accesses to novel chemicals with better 
functionality.9 
Bioprivileged Molecules 
Recently, the concept of bioprivileged molecules was purposed by Shanks.10 
“Bioprivileged molecule” was defined as the platform molecule which could be derived from 
bio-based feedstocks and was ready to be converted to both replacements in the petroleum 
industry and novel chemicals with remarkable properties. The act of producing commercial 
products and novel chemicals from the same platform molecule could be a possible direction 
of future bio-based chemical for the following reasons. First, focusing on bioprivileged 
molecules with various downstream products can minimize the risk of market shifts. Second, 
establishing methods to produce these bioprivileged molecules can be used in many 
downstream products and even novel molecules, which reduced the development costs of 
new products. Third, because of the same starting platform molecule for various products, it 
4 
is easier to transfer the experience of producing one of the products to another one. The 
development periods can be shortened and the research costs can be saved. 
Triacetic acid lactone (TAL) was considered as a representative example of a 
bioprivileged molecule. TAL could be derived from natural sources like acetic acid and 
served as a platform molecule. With appropriate chemical catalysis conditions, TAL could be 
easily converted to commercialized chemicals, such as sorbic acid and 2-pyrone.11 
Furthermore, the keto-containing structure of TAL could be utilized to synthesize antifungal 
chemicals like pogostone through a much simpler process than other routes. Owing to the 
key intermediate, TAL, it was possible to tune the chemical properties by changing the 
structure of pogostone and producing novel molecules which can be applied in the wider 
range of use.12 According to TAL example, we can conclude that the promising platform 
molecules must contain unique structures which could be converted to various valuable 
chemicals but with the flexibility to be functionalized differently. 
Platform molecules, such as TAL, were recognized as bioprivileged molecules by 
searching the bio-derived molecules which can be used to produce valuable products or 
contain high potential structures for further modification. However, numerous platform 
molecule candidates could be derived from bio-based feedstocks. At the same time, unlimited 
final products including all valuable chemicals and novel products are worthy to be 
produced. These two facts make it difficult to derive the platform molecules from each end. 
To search potential bioprivileged molecules, the criteria of systematically selecting 
candidates is needed. 
To date, systematic methods to select bioprivileged molecules are still undetermined, 
but selective chemistry of these multifunctional structures plays a critical role. Selective 
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reaction conditions in different multifunctional structures are necessary to develop diversified 
reaction routes and to fully extend the potential of platform molecules. The multifunctional 
compounds can be converted to various products if they are controlled appropriately during 
the reaction. In contrast, undesired byproducts will be produced and drastically increase the 
production cost. It makes that understanding the control factors of selective functionalization 
of bio-based chemicals such an important step when platform molecules are designed. To 
study the selective chemistry of bio-based chemicals, test bed molecules are needed. 
Multifunctional dicarboxylic acids are valuable compounds which can be a significant 
example to start with.13 Several early works also reported that dicarboxylic acid can be a high 
value-added category which can be derived from bio-based feedstocks.14 
Potential of Dicarboxylic Acid 
Recently, fumaric acid and muconic acid have been popular research targets among 
the dicarboxylic acids. This is most likely because of two reasons: the functionalization 
potential of C-C double bonds and polymer application of dicarboxylic acids. 
 Fumaric acid was recognized as a high potential platform molecule. It could be 
further converted to succinic acid and aspartic acid. All these dicarboxylic acids were listed 
as the top value-added building blocks.7 
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Figure 1.1  Derivatives of succinic acid. 
Succinic acid serves as an important C4 building-block chemical; it can be produced 
through fermentation from biorenewables or hydrogenation from fumaric acid. The 
application of succinic acid has been explored in earlier years; some highlighted products are 
shown in Figure 1.1.15 These products can be used as the monomers or as the solvents in 
different application. Furthermore, transformation of chemistry to unsaturated acids such as 
fumaric acid and maleic acid can also be an interesting direction. Novel chemicals can be 
produced by selectively modified the carboxylic acid groups. The remaining unsaturated 
bonds from fumaric acid or maleic acid are able to be further functionalized and tuned the 
properties of these compounds. 
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Aspartic acid was another building block listed in the report. It can be derived by the 
amination of fumaric acid and converted into several products which are shown in Figure 1.2. 
The various application of aspartic acid enhanced the interests of understanding the 
production of fumaric acid and related amination chemistry. 
Figure 1.2  Derivatives of aspartic acid. 
Muconic acid is another value-added dicarboxylic acid. It was recognized as a 
bioprivileged molecule and received intensive attention recently. Muconic acid can be 
produced by sugar fermentation and further diversified to valuable monomers and novel 
molecules. Some of the major products are shown in Figure 1.3.16 
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Figure 1.3  Derivatives of muconic acid. 
Muconic acid contains two conjugated unsaturated bonds which can be hydrogenated 
to produce adipic acid or can undergo Diels-Alder reaction to produce terephthalic acid. 
Aside of that, these unsaturated bonds also provide the access to novel molecules. Recently, 
Tessonnier’s group successfully synthesized 3-hexenedioic acid from muconic acid by 
electrocatalytic hydrogenation. 3-Hexenedioic acid was reported as a replacement of adipic 
acid in the polymerization of nylon-6, 6. The remaining double bond can be further 
functionalized to change the properties of polymer for specialized application.17 
Among the derivatives of muconic acid, two valuable N-containing monomers, 
hexamethylenediamine and caprolactam, are listed. They are common commercial products 
in the polymer industry and have already been massively supplied in the market. Comparing 
their structures with muconic acid, all the C-C double bonds are fully removed. Without the 
C-C double bonds, these compounds are difficult to be further functionalized to produce 
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novel compounds as the example of 3-hexedioic acid. To take advantage of the C-C double 
bonds from muconic acid, the selective modification of muconic acid without the removal of 
C-C double bonds should be considered. 
Nitrogen-containing compounds derived from carboxylic acids are in an important 
product category and are mentioned repeatedly in the cases above. To fully utilize the 
unsaturated bonds from bio-based feedstocks, adding Nitrogen-containing functional groups 
selectively to unsaturated carboxylic acid was planned to be studied in this project. Fumaric 
acid was selected to be the first test molecule of selective amination; hopefully the chemistry 
could be transferred to muconic acid, owing to the similar structures between fumaric acid 
and muconic acid. The final goal was transferring the selective amination method to more 
bio-based chemicals. 
Amination of Carboxylic Acid 
To further diversify the products obtained from carboxylic acids, selective amination 
is a key reaction. The method of selectively producing Nitrogen-containing compounds from 
bio-based carboxylic acids with multiple functional groups is still unclear. 
Nitrogen-containing compounds are widely applied in fields such as agrochemicals, 
pharmaceuticals, and polymers. The reaction routes from carboxylic acids to amides, nitriles, 
and amines can be considered as a series of reactions which are shown in Figure 1.4. Amides 
were first derived from the amidation of carboxylic acids and followed by the dehydration to 
produce nitriles.18 Finally, amines could be produced by the hydrogenation of nitriles. 
 
Figure 1.4  Amination route of carboxylic acid. 
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However, direct amidation from carboxylic acids werr only reported in few works, 
and high temperature was applied.19 The severe conditions cause side reactions which make 
it difficult to maintain the unsaturated bonds on the dicarboxylic acids. To operate in mild 
conditions, dicarboxylic acids were converted to much reactive diesters and followed by 
ammonolysis to produce amides.20 Once the amides were obtained, general rules in Figure 
1.4 could be applied to produce nitriles and amines. The modified reaction route is shown in 
Figure 1.5. 
 
Figure 1.5.  Amination route of carboxylic acid through ester. 
Advantages of replacing acids by esters had been addressed. The first advantage was 
that the melting and boiling points of esters were lower than acids. These physical properties 
made the reactants easier to be melted or vaporized before the reaction. The second 
advantage was higher reactivity of the esters than the acids in the ammonolysis process, 
which implied that the reactions were able to be operated at milder conditions. Both these 
natures of the esters could decrease the operating temperature requirement which lead to the 
third advantage, which was that the decreasing of reaction temperature could prevent 
potential side reactions. The strategy of starting reaction from the esters was also applied in 
the nitrile formation of fatty ester.21 Ammonolysis of the ester occurred as the first step of 
nitrile formation.  
Recently, Beckham’s group reported the method of producing acrylonitrile from ethyl 
acrylate.22 The unsaturated ester served as the reactant and underwent nitrile formation on the 
TiO2 catalyst. Ammonolysis occurred in the first step and was converted to the amide before 
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nitrile formation; the reaction was operated in gas phase and persisted above 300 oC. 
However, the boiling point of fumaramide was much higher than acrylamide, which meant 
that the technique might be unable to be transferred directly. Furthermore, fumaramide was 
reported to decompose at high temperatures, so gas phase reaction is challenging for 
dimethyl fumarate. In principal, a high boiling point of dicarboxylic acids might be a 
challenging issue to operate gas phase reactions; it makes converting ester to amide in liquid 
phase a reasonable method.  
The goal of this project was to focus on the selective amination of high potential 
dicarboxylic acid derivatives. The amination chemistry of the acid derivatives was conducted 
in solvent to keep the flexibility of applying the chemistry to molecules with different boiling 
points. To start this work, dimethyl fumarate was chosen to be the first model to demonstrate 
the mechanism of ester ammonolysis. 
Ammonolysis of Dimethyl Fumarate  
To study the chemistry of unsaturated esters ammonolysis, the mechanism of 
ammonolysis should be considered in the very beginning. The ammonolysis mechanism of 
dimethyl fumarate is predicted and shown in Figure 1.6. The first step consists of the oxygen 
atom on the carbonyl group withdrawing the electron from the carbon and making the carbon 
become positive charged. In the second step, nucleophilic attack occurs, and ammonia is 
attached on the carbon to form the intermediate shown in Figure 1.6. The final step consists 
of the proton transferring and methanol group leaving. 
 
Figure 1.6  Ammonolysis mechanism of dimethyl fumarate. 
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Conjugate Addition  
A possible side reaction of dimethyl fumarate ammonolysis is conjugate addition.23 
The conjugate addition mechanism of dimethyl fumarate is shown in Figure 1.7. The first 
step is still the oxygen atom withdrawing the electron from the carbon on the carbonyl group 
that forming the same intermediate in Figure 1.6. 
 
Figure 1.7  Conjugate addition mechanism of dimethyl fumarate. 
The second step is the resonance between the unsaturated bond and the carbonyl 
group instead of direct ammonia addition on the carbonyl group. The positive charge also 
transfers from the carbon on the carbonyl group to the carbon in the middle of the molecule. 
The next step is simply nucleophilic attack from nucleophile; ammonia is taken as an 
example in Figure 1.7. However, nucleophilic attack can be driven by either ammonia or any 
other nucleophile in the system, so various products may be formed. In the last step, a proton 
is transferred after the nucleophile attaches to the molecule and form the amino-group. The 
unsaturated bond is removed in the last step, and charges on the molecule are neutralized. 
After conjugate addition, remaining ester groups can still follow the ammonolysis 
mechanism shown in Figure 1.6 and be converted to amides with an amino-group. Main 
products of dimethyl fumarate ammonolysis were predicted to be 2-aminosuccinamide and 
fumaramide. 
The Effect of Water in Dimethyl Fumarate Ammonolysis 
When ammonia is provided by ammonia water solution, water can be a potential 
nucleophile during the reaction. There are two different roles that water can play in the 
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system. In the first case, it can be the nucleophile right after the electron is withdrawn by the 
oxygen atom. The mechanism is similar to ammonolysis in Figure 1.6, but ammonia is 
replaced by water. The reaction is known as hydrolysis, in which the final product is 
carboxylate in basic condition. In the other case, water is the nucleophile after the resonance 
between carbon bonds. The mechanism is conjugate addition in Figure 1.7. The final 
products contain the hydroxyl group instead of the amino group. To further study the 
ammonolysis chemistry and nucleophile effect of side reaction, ammonia was introduced to 
the system by methanol or water solutions. The effect of water was planned to be studied in 
this project. 
Project Goals 
The goal of this project was to understand if it is feasible to selectively produce 
unsaturated nitrogen-containing products from unsaturated bio-based carboxylic acid. 
Formation of unsaturated amide is the first step in the selective amination pathway, so it was 
studied in this project. By testing the amidation of different carboxylic acid derivatives in 
different conditions, the effect of different structures and conditions of amidation were 
concluded.  
This work started from fumaric acid and dimethyl fumarate, then extended to other 
acid derivatives to understand the reaction pathways. In additional, this work studied 
different factors such as solvent, temperature, and structure. Hopefully, the results of this 
study will be served not only as the method of selective ammonolysis carboxylic acid 
derivatives, but also as a piece of information to access other bio-based nitrogen-containing 
compounds. 
The long-term goal of this project was to understand the amination routes of 
unsaturated carboxylic acid derivatives. By knowing the amination routes, future platform 
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molecules can be designed with appropriate functional groups in the formation that is ready 
to be selectively diversified. This develop strategy can be a milestone of creating value 
through the concept of bioprivileged molecules. 
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CHAPTER 2.    EXPERIMENTAL  
Reactants and Materials 
NH3/methanol solution (7M) and methyl crotonate (98%) were obtained from Acros 
Organics. Fumaric acid (98%) was obtained from Eastman Organic Chemicals. Methanol 
(Certified ACS), and ammonium hydroxide solution (28-30%) were obtained from Fisher 
Scientific. Dimethyl fumarate (97%) was obtained from Sigma-Aldrich. Butyramide (98%), 
crotonamide (98%), dimethyl 3-hexenedioate (98%), dimethyl adipate (99%), dimethyl 
maleate (97%), dimethyl succinate (98%), fumaramide (96%), methyl butyrate (99%), and 
succinimide (98%) were obtained from TCI America. AMBERLYSTTM 45 Resin was 
obtained from Dow chemicals. Deuterated dimethyl sulfoxide (99.96%) was obtained from 
Cambridge Isotope Laboratory Inc.  
Fischer Esterification 
Fischer esterification was conducted to ensure the stability of unsaturated bonds 
during the esterification process. Fumaric acid was loaded into a round-bottom flask and 
mixed with methanol. Additional AMBERLYSTTM 45 Resin was loaded as the acid catalyst 
for esterification. The whole round-bottom flask was placed in 80 oC silicone oil bath. The 
vaporized methanol was refluxed by a cooling column with circulated water. After the 
reaction, the solution was evaporated by dry air. Remaining products were confirmed by 
NMR spectroscopy. 
Ammonolysis Reaction 
Ester ammonolysis reactions were conducted in thick-walled glass vial reactors with 
magnetic stir bars. The reactants, 1.44×10-4 mole of esters were weighted and mixed with 2.0 
mL of 7M ammonia solution in the glass vial reactors. Loaded reactors were placed in a 
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water bath with temperature and agitation being controlled by an isotemp digital plate stirrer. 
Systems were adjusted based on parameters. Water bath was replaced by a silicone oil bath 
for high temperature experiments. Low temperature experiments were conducted in the water 
bath with copper coils which was cooled by circulating cooling water from an external 
chiller. All reaction were timed after reactants were fully dissolved. 
NMR Analysis 
After the reactions were completed, glass vial reactors were transferred into ice bath 
to prevent vaporized reactants from leaving in higher temperatures. Methanol and ammonia 
were carefully evaporated by dry air. A mixture of 600 µL deuterated dimethyl sulfoxide 
(DMSO-d6) and 4.8 mg internal standard—dimethyl sulfone—were added to dried products. 
Samples were put in an ultrasonic bath until products dissolved. 
NMR experiments were conducted by Bruker Avance III 600 Spectrometer. 1H NMR 
spectroscopy were conducted to quantify products. 13C NMR spectroscopy, 1H correlation 
spectroscopy (COSY), 1H-13C heteronuclear multiple-quantum correlation spectroscopy 
(HMQC) and 1H-13C heteronuclear multiple-bond correlation spectroscopy (HMBC) were 
applied for unknown products determination. 
NMR Identification 
Fumaric acid: 1H NMR (600 MHz, DMSO), δ (ppm) 6.65 (s, 2H), 13.14 (s, 2H); 
Dimethyl fumarate: 1H NMR (600 MHz, DMSO), δ (ppm) 3.76 (s, 6H), 6.80 (s, 2H); Methyl 
fumaramate: 1H NMR (600 MHz, DMSO), δ (ppm) 3.74 (s, 3H), 6.59 (d, J = 15.7 Hz, 1H), 
6.99 (d, J = 15.7 Hz, 1H), 7.53 (s, 1H), 7.92 (s, 1H); Fumaramide: 1H NMR (600 MHz, 
DMSO), δ (ppm) 6.78 (s, 2H), 7.31 (s, 2H), 7.79 (s, 2H); dimethyl maleate: 1H NMR (600 
MHz, DMSO), δ (ppm) 3.76 (s, 6H), 6.80 (s, 2H); maleamide: 1H NMR (600 MHz, DMSO), 
δ (ppm) 6.09 (s, 2H), 7.40 (s, 1H), 8.47 (s, 1H); dimethyl succinate: 2.57 (s, 4H), 3.60 (s, 
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6H); methyl succinamate: 1H NMR (600 MHz, DMSO), δ (ppm) 2.34 (t, J = 7.0 Hz, 2H ), 
2.48 (t, J = 7.0 Hz, 2H), 3.58 (s, 3H), 6.79 (s, 1H), 7.33 (s, 1H); succinamide: 1H NMR (600 
MHz, DMSO), δ (ppm) 2.27 (s, 4H), 6.72 (s, 2H), 7.27 (s, 2H); succinimide: 1H NMR (600 
MHz, DMSO), δ (ppm) 2.58 (s, 4H), 11.06 (s, 1H); dimethyl adipate: 1H NMR (600 MHz, 
DMSO), δ (ppm) 1.54 (m, 4H), 2.32 (m, 4H), 3.59 (s, 6H); adipamide: 1H NMR (600 MHz, 
DMSO), δ (ppm) 1.51 (m, 4H), 2.04 (m, 4H), 6.78 (s, 2H), 7.32 (s, 2H); diemthyl 3-
hexendioate: 1H NMR (600 MHz, DMSO), δ (ppm) 3.13 (m, 4H), 3.61 (s, 6H) 5.64 (s, 2H); 
3-hexendiamide: 1H NMR (600 MHz, DMSO), δ (ppm) 2.82 (m, 4H), 5.57 (m, 2H), 6.80 (s, 
2H), 7.26 (s, 2H);  
Gas Chromatography–Mass Spectrometry 
The products of methyl butyrate and methyl crotonate ammonolysis were measured 
by gas chromatography–mass spectrometry (GC-MS) to determine the product species and 
quantify by gas chromatography–flame ionization detector (GC- FID). Calibration curves 
were made by methyl butyrate, methyl crotonate, butyramide, and crotonamide. 
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CHAPTER 3.    FUMARIC ACID AMIDATION AND DIMETHYL FUMARATE 
AMMONOLYSIS 
Introduction 
To understand the chemistry of producing unsaturated amides from unsaturated 
carboxylic acids, direct amidation of the carboxylic acid and ammonolysis of the ester were 
performed. Fumaric acid was first tested in the system and conducted the direct amidation. 
To improve the amide production method, fumaric acid was converted to dimethyl fumarate 
by Fisher esterification. The fumaric acid amidation and dimethyl fumarate ammonolysis 
were conducted in this chapter. 
Two common ammonia-containing solutions, water and methanol, were tested 
separately to study their effects during the formation of amide. Different temperatures were 
tested to optimize the reaction and understand the effects of temperature on selectivity. 
Products of all reactions were analyzed through NMR spectroscopy to determine species and 
further define reaction mechanisms. 
Direct Fumaric Acid Amidation 
The first experiment was direct amidation of fumaric acid. Fumaric acid was dissolved 
in 7M (NH4OH/H2O) ammonia solution to conduct direct amidation. The reaction was set at 
25 oC for 24 hours. The NMR spectrum after the reaction is shown in the upper row of Figure 
3.1. Rapid neutralization was determined by the peak disappearance at 13.1 ppm which 
related to the individual protons on carboxylic acid groups. However, no significant amount 
of amide groups were able to be detected in the product. To accelerate the amidation reaction 
of fumaric acid, the reaction temperature was increased to 100 oC. The high temperature 
experiment was conducted at 100 oC for 24 hours, and the result is shown in the lower row of 
Figure 3.1. However, insignificant amounts of proton were still detected in the amide bonds 
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region. At the same time, several peaks were shown at 3.54, 2.58, and 2.32 ppm which 
related to undesired adducts in this project. The results highly suggested that unsaturated 
bonds reacted with the ammonia or the solvent in the solution. Overall, even C-C double 
bonds started being converted, no significant amount of amide was observed, which implied 
that increasing temperature to obtain fumaramide directly from fumaric acid was infeasible. 
 
Figure 3.1 Direct amidation from fumaric acid under 25 oC (upper) and 100 oC (lower). 
 In the literature, direct amidation of carboxylic acid without enzyme was considered 
as a challenging problem because of the low activity of carboxylate salts.24 Only few early 
works reported this reaction could be conducted in high temperatures.19, 25 Based on the result 
in Figure 3.1, low temperatures are necessary to keep the unsaturated bonds from reacted. To 
produce amides from unsaturated acids at lower temperatures, a method used to replace the 
carboxylic acid groups with ester groups, a more reactive functional group for amidation. 
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Dimethyl Fumarate Ammonolysis 
Esters are more reactive than carboxylic acid under nucleophilic attack, so ammonolysis 
can operate under milder conditions to preserve the C-C double bonds. A Fischer 
esterification experiment was conducted to ensure that unsaturated bonds could be reserved 
during dimethyl fumarate preparation. The NMR spectrum is shown in Figure 3.2. Over 90% 
of fumaric acid was successfully converted to dimethyl fumarate. About 10% of fumaric acid 
was converted to methyl fumaramate. No saturated products were detected which suggested 
that C-C double bonds were preserved. In this experiment, we concluded that esterification 
barely affected the unsaturated bonds, so ester can be an intermediate of the unsaturated 
amide production. 
 
Figure 3.2  Fumaric acid esterification in methanol. 
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NH3 Provided by NH4OH Solution 
The method of producing fumaramide from diethyl fumarate was reported.20 
However, only a synthesis method and an approximate yield were shown. Limited 
mechanism was discussed in the report, but the mechanism and the side reactions are the 
keys for applying the chemistry to other acids. To further understand the reaction, dimethyl 
fumarate was dissolved in 7M (NH4OH/H2O) ammonium oxide solution at room temperature 
to conduct ammonolysis. The NMR spectrum, after reacting for 24 hours is shown in Figure 
3.3. 
 
Figure 3.3  Ammonolysis of dimethyl fumarate in 7M ammonium oxide solution at 25 oC for 
24 hours. 
The detected product was the mixture of fumaramide and the partial hydrolyzed 
product. Reactivity of the amides are lower than the esters, so the partial hydrolyzed product 
was highly possible to be generated by esters hydrolysis in basic condition. To confirm the 
22 
stability of fumaramide in NH4OH solution, fumaramide was loaded in the same condition 
for 24 hours. No major byproduct was detected, which implied the hydrolysis reaction only 
occurred on dimethyl fumarate. 
To increase the yield of fumaramide, the hydrolysis reaction should be avoided. 
However, the mechanisms of ester ammonolysis and ester hydrolysis are similar. The only 
difference is that the reactant of hydrolysis is water rather than ammonia. Owing to the 
abundance of ammonia and water in the solution, it is difficult to selectively control the 
reaction by tuning the conditions. 
NH3 Provided by Methanol Solution 
To prevent hydrolysis caused by water in the solution, methanol was chosen to be an 
alternative solvent. Dimethyl fumarate ammonolysis was conducted in 7 M NH3/methanol 
solution. First experiment was conducted at 25 oC for 24 hours, and the result is shown in 
Figure 3.4.  
Amide signals have the equal high peaks at 7.31 and 7.78 ppm. The two different 
chemical shifts are related to two protons on the amide, respectively. Most of the unsaturated 
bonds were preserved and appeared at 6.78 ppm. However, saturated by-products were also 
produced. The peaks from 2.31 ppm to 2.38 ppm and 3.92 ppm were related to amino-
adducts, and the peaks at 6.85, 7.21, 7.34, 7.39 ppm are amide peaks of the byproducts. 
Based on the COSY NMR experiment result, adducts such as 2-methoxysuccinamide or 2-
aminosuccinamide were highly possible to be the major by-product of this reaction. 
Ester ammonolysis mechanism was discussed in chapter 1. Ester ammonolysis 
occurred spontaneously by the nucleophilic attack from ammonia in the solution. However, 
conjugate addition was also triggered by ammonia. The reactant of conjugate addition might 
be dimethyl fumarate, monomethyl fumaramate, or fumaramide. The resonance mechanism 
23 
between the C-C double bond and amide groups should be similar to the mechanism which is 
shown in Figure 1.7. Considered ammonolysis and conjugate addition occurred 
simultaneously; a series of reactions were hypothesized and are shown in Figure 3.5. Two 
major ammonolysis reaction rates were presented as k1 and k2 which will be discussed in the 
following section. 
 
Figure 3.4  Ammonolysis of dimethyl fumarate in 7M NH3/methanol solution at 25 
oC for 24 
hours. 
 
Figure 3.5  Hypothesized reaction routes of dimethyl fumarate ammonolysis. 
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Additionally, methanol might also be the nucleophile in the reaction as ammonia in 
basic surrounding. However, ammonia is a stronger nucleophile than methanol, so amino-
group containing adducts were expected to be the major byproduct in the long run. Different 
adduct species were still observed in the NMR spectrums in the trials with different reaction 
times. 
Conjugate addition was reported as a reversible reaction,23 so which intermediate 
produced the adducts in our system was still unclear. To test if the adducts can be produced 
from fumaramide, it was loaded in the reactor under same reaction conditions in the glass 
vial. After the reaction, fumaramide was still the only product observed in Figure 3.6. No 
significant adduct, such as 2-aminosuccinamide were observed; it suggested that nucleophilic 
attack was barely triggered by ammonia with fumaramide at 25 oC.  
 
Figure 3.6  Stability test of fumaramide in 7M NH3/methanol at 25
oC for 24 hours. 
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According to this result, we can hypothesize that conjugation addition underwent with 
the fumaramide was the minor effect in our reaction conditions. Based on this hypothesis, the 
pathway from fumaramide to 2-aminosuccinamide of this reaction should be removed from 
Figure 3.5. Based on this hypothesis, adducts which are detected in Figure 3.4 could only be 
produced by the conjugate reaction with the ester groups—not the amide groups at 25 oC. 
The updated routes are shown in Figure 3.7. 
 
Figure 3.7  Modified dimethyl fumarate ammonolysis routes.  
Conjugate addition of fumaramide in this system was not observed, which meant that 
no conjugate addition occurred once ester groups on both ends were converted at 25 oC. In 
other words, if all amino-containing compounds are unwanted, then conjugate addition and 
ester ammonolysis can be viewed as competing reactions in this case. This phenomenon 
suggests that amide might be a function group which could be utilized to protect unsaturated 
bonds from nucleophilic attack. Low conjugate reactivity of the amide was concluded, so 
accelerating the ammonolysis step can not only be the way to enhance the reaction rate, but 
can be a strategy to protect the C-C double bond from addition. The different conjugate 
addition behaviors of amide groups and ester groups might be an access to control conjugate 
addition selectively in reaction pathway design.26 
Reaction Performance of Ammonolysis 
Ammonolysis and ammonia conjugate addition were the two main reactions were 
considered in dimethyl fumarate ammonolysis system. In the ammonolysis reaction, there 
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were two ester groups that could be converted in a dimethyl fumarate molecule. Without the 
side reaction, fumaramide was predicted to be the main product after fully ammonolysis 
reaction. To analyze the rate of ammonolysis reaction in Figure 3.7, methyl fumaramate was 
considered as the intermediate and two rate constants can be obtained from the first and 
second ammonolysis. Both reactions were assumed as the first order reaction, and the 
ammonolysis rate constants—k1 and k2—were defined by the generation of mono-ester and 












x        (2) 
A = dimethyl fumarate 
B = methyl fumaramate 
C = fumaramide 
x = reaction order of ammonia 
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Figure 3.8  Products of dimethyl fumarate ammonolysis at 25 oC. 
Table 3.1  Products of dimethyl fumarate ammonolysis at 25 oC. 
t (hr) Diamide (%) 
Methyl 
fumaramate (%) 
Diester (%) Adducts (%) 
0.33 3.4 50.5 23.5 11.8 
0.66 7.0 59.0 9.0 10.0 
1 11.7 61.5 0.9 5.9 
3 33.4 39.5 - 14.7 
6 50.5 20.3 - 15.5 
9 57.7 10.9 - 14.6 
12 61.6 6.2 - 14.8 
24 61.7 0.9 - 17.6 
The reaction was performed at 25 oC. The results are shown in Table 3.1 and Figure 



















dimethyl fumarate in the system, which meant that the concentration of ammonia in equation 
(1) and (2) are nearly constants during the reaction.  
The calculation was affected by imperfect mass balance and the simplified model we 
assumed, but the reaction rates difference between k1 and k2 were still dramatic. By assuming 
that the consumption of NH3 is the zero order reaction (x= 0), we can obtain that k1 = 4.221 
hr-1 and k2 = 0.4102 hr
-1. The value of k1 was about ten times larger than k2. This might be 
caused by three reasons. 
First, there were more functional groups can be reacted in the first ammonolysis, so 
the reaction rate was increased by the higher collision possibility. However, if more moieties 
can be reacted was the only reason, k1 should be only double than k2 in our calculation. 
Based on our calculation, k1 was significantly larger than k2, which implies that more factors 
are needed to be considered in this reaction.   
Second, the solubility of amides in the methanol are lower than the esters. We 
observed that the solution was transparent when dimethyl fumarate was fully dissolved. 
However, the white solids precipitated during the reaction. The solubility of fumaramide is 
much lower than dimethyl fumarate in the methanol solution. It is possible that methyl 
fumaramate also precipitated during the reaction, so the apparent reaction rate we calculated 
would be much lower than the true value. Another evidence is that based on the k1 and k2 
values we obtained, the predictive yields are higher than the experiment data at any reaction 
time. This trend might because of the partially dissolved of methyl fumarate in the solution, 
so the actual concentration was lower than what we calculated. The lower concentration 
would cause lower reaction rate.  
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Third, the property of the molecule was changed after the first ester group was 
replaced by the amide group. Amide and the ester group attract the electron differently and 
further change the electron density on the C-C double bonds, which is also a key reactivity 
factor in ammonolysis. More discussion of how C-C double bonds affect ammonolysis 
reaction would be discussed in chapter 4.  
The side reaction, conjugate addition, was expected in chapter 1 and was observed in 
the unsaturated ester ammonolysis reactions. However, the goal of this section was to 
selectively produce unsaturated amides. Adducts were unable to form unsaturated bonds 
reversely in this system, so all saturated products were considered as the byproducts. To 
simplify the model, the discussion of saturated products ammonolysis were not included in 
this section. However, we observed that the generation rates of adducts were faster in the 
beginning and slow down after most of the dimethyl fumarate reacted; this phenomenon also 
matched the routes we proposed in Figure 3.7—the conjugate addition occurs at the ester 
groups not at the amide groups. 
Temperature Effect on Selectivity 
 To increase the yield of unsaturated amides, it is crucial to suppress the side reactions 
such as conjugate addition. The conditions of ester ammonolysis without triggering conjugate 
addition was still unclear. However, a similar mechanism—selective reaction between direct 
addition and conjugate addition—has been widely studied. Selective addition reaction on a 
conjugate unsaturated bond with carbonyl group was discussed in the literature.27 In 
principal, conjugate addition is preferred to occur in high temperature than direct addition on 




Comparing the mechanism of direct addition and ester ammonolysis, we can find how 
the first step of two reactions is similar. Both reactions start with the electron transfer to 
oxygen atom and are followed by the nucleophilic attack to positive charged carbon. The 
only difference between them is that there is no leaving group in direct addition after the 
nucleophile attaches, but the alcohol will leave during the ester ammonolysis. Conjugate 
addition as the side reaction in both direct addition and ester ammonolysis is the same. 
Owing to the similarity of those two mechanisms, reaction temperature might also play an 
important role in ester ammonolysis selectivity. 
To test the selectivity between conjugate addition and ester ammonolysis in different 
temperatures, the products were collected when over 98% ester groups reacted. The reaction 
times of all trials were from 3 hours to 6 days. The products’ compositions from 10 to 60 oC 
are shown in Table 3.2. 






Fumaramide (%) Adducts (%) 
10 - 1.2 67.6 11.0 
25 - 0.9 62.9 19.3 
40 - - 44.0 23.0 
50 - 0.6 38.6 27.8 
60 - - 21.6 28.4 
Based on the results in Table 1, selectivity of ammonolysis to conjugate addition 
decrease when temperature increases. There was only 21.6 % fumaramide left in 60 oC; most 
of the unsaturated bonds had reacted. In contrast, 67.6% dimethyl fumarate was converted to 
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fumaramide in 10 oC; only 11.0 % was attached by the amino group. We can conclude that 
even though the reaction rate in the lower temperature was slower than in the higher 
temperature, the selectivity was significantly higher to the unsaturated products. The 
phenomenon can be utilized to produce fumaramide efficiently by coupling with appropriate 
catalysts.  
Conclusions 
Dimethyl fumarate ammonolysis routes were tested in this section. In the NM4OH 
solution, the major byproduct was a hydrolyzed compound. These byproducts can only be 
utilized after re-esterification and followed by ammonolysis processes. However, the 
mechanism of hydrolysis and ammonolysis were similar, so it might be difficult to find a 
condition to select the products. To reduce hydrolysis in the system, reaction system with 
methanol as the solvent was studied. 
In the NH3/methanol system, the major side reaction was confirmed as the conjugate 
addition from ammonia in the system. These amino-group containing byproducts were 
unable to return to C-C double bonds in this system. As for the reaction routes, two major 
rules were observed. First, the apparent ammonolysis reaction rate of the first ester groups 
were significantly higher than the second ester groups. Second, ester groups were more 
reactive in the conjugate addition reaction, which suggested that the conjugate addition was 
almost blocked after the ester groups were converted to amide groups. So, conjugate addition 
can be viewed as the competitive reaction of ammonolysis. 
Temperature was confirmed as a critical parameter in dimethyl fumarate 
ammonolysis. Higher temperatures lead to much higher ammonolysis reaction rates but lower 
selectivity to fumaramide. A significant ratio of adducts as the byproducts were produced in 
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high temperatures. In contrast, high selectivity to fumaramide can be reached in low 
temperatures after a long reaction period.  
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CHAPTER 4.    STRUCTURAL EFFECTS OF AMMONOLYSIS REACTANTS 
Introduction 
Fundamental ammonolysis reaction routes and how reaction temperatures affect 
unsaturated amide ammonolysis selectivity were discussed in the previous chapter. In this 
chapter, more ammonolysis reactions of the esters in Table 4.1 were conducted and the 
effects of unsaturated bonds in the ammomnonlysis reactions were discussed. The goals of 
this chapter were to understand the reaction mechanism between different structures and to 
find which structure could stabilize the unsaturated bonds during ammonolysis reactions. 





















The major side reaction of dimethyl fumarate ammonolysis—conjugate addition—
was discussed in the previous chapter. The C-C double bond plays important roles in the 
ammonolysis reaction was concluded. To further understand the how unsaturated bond 
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affecting the ammonolysis, dimethyl ma0eate and dimethyl succinate were tested and 
compared with the result of dimethyl fumarate. 
Dimethyl maleate is the geometric isomer of dimethyl fumarate; it also contains one 
C-C double bond between two ester groups. The unsaturated bond is still near the ester 
groups, so the only difference is that dimethyl fumarate is the trans-isomer and dimethyl 
maleate is the cis-isomer. The dimethyl maleate ammonolysis experiment was conducted 
under the same conditions. The NMR spectrum is shown in Figure 4.1. In the spectrum, 
maleamide can be found, but the yield was much lower than the yield of fumaramide in 
Figure 3.4. Several amide peaks can be found from 6.5 to 7.5 ppm and several other peaks 
between 3 and 4 ppm. These peaks are related to adducts from conjugate addition. 
 
Figure 4.1  Ammonolysis of dimethyl maleate in at 25 oC for 24 hrs. 
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Table 4.2  Major Products of dimethyl fumarate and dimethyl maleate ammonolysis at 25 
oC for 24 hrs. 
 Diamide (%) Adducts (%) 
Dimethyl fumarate 61.7 17.6 
Dimethyl maleate 5.4 60.9 
Comparing the major ammonolysis products between dimethyl fumarate and 
dimethyl maleate in Table 4.2, the major difference is the amounts of remaining C-C double 
bonds. In dimethyl fumarate ammonolysis, 61.7% dimethyl fumarate was converted into 
fumaramide. In contrast, only 5.4% of maleamide formed in dimethyl maleate ammonolysis. 
The significant difference in the products was caused by the geometric structures of the 
reactants. 
The two ester groups of the dimethyl maleate are on the same side of the unsaturated 
bond. The other side of the C-C double bond has a wide space for nucleophiles to attack, 
which leads to the majority of the products become conjugate addition products. In contrast, 
two ester groups of the dimethyl fumarate were on the different sides and act as the obstacles 
which prevent the nucleophile from attacking the C-C double bond. The difference of the 
geometric structure affected the nucleophilic attack and further changed conjugate addition 
reactivity during unsaturated ester ammonolysis. To conclude, the trans-isomer of the 
unsaturated ester has lower conjugate addition reactivity than the cis-isomer, so a higher 
yield of unsaturated amide can be reached in the selective ammonolysis reaction. 
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Dimethyl Succinate 
To study the mechanism difference between with and without the unsaturated bond 
between two ester groups, dimethyl succinate was selected to be the next reactant. Dimethyl 
succinate contains four carbons and two ester groups but no C-C double bonds. In the 
dimethyl succinate ammonolysis reaction, no side reaction was expected because of the 
absence of C-C double bonds. However, an unexpected peak at 11.06 ppm was observed in 
Figure 4.2, which related to the formation of succinimide in the reactor. 
 
 
Figure 4.2  Ammonolysis of dimethyl succinate in NH3/methanol at 25 
oC for 24 hrs. 
Succinimide was highly possible to be formed from methyl succinamate, the 
intermediate of ester ammonolysis.28 A possible pathway to succinimide was that after the 
first amide group formed, instead of another ammonia triggered the ammonolysis reaction, 
37 
the formed amide became the nucleophile and attacked the other ester group on the molecule. 
After a methanol molecule left, a ring structure formed in this process. This reaction was not 
observed in unsaturated ester ammonolysis reactions because the C-C double bonds between 
the ester groups prevented the molecules from free rotation, so the formed amide was unable 
to reach the ester group on the other side and formed the ring structure. 
To determine that the succinimide was an intermediate or final byproduct in the 
ammonolysis reaction, another experiment on succinimide was conducted. Succinimide was 
loaded in the glass vial reactor with 7M NH3/methanol solution at 25 
oC, and the sample was 
collected after 6 hours. The result is shown in Figure 4.3. 
 
Figure 4.3  Ammonolysis of succinimide in NH3/methanol at 25 
oC for 6 hrs. 
Both methyl succinamate and succinamide can be found in Figure 4.3, which infers 
that succinimide can also be the ammonolysis reactant to produce methyl succinamate and 
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succinamide. This result confirmed that succinimide can be an intermediate of the dimethyl 
succinate ammonolysis reaction, and it could be converted into succinamide in the end. The 
phenomenon that succinimide decreases in longer reaction times was also observed. Based 
on the result above, we proposed that the ring-closing reaction of succinimide is a reversible 
reaction in the ammonia solution, so the ammonolysis reaction of dimethyl succinate can be 
summarized as the pathway in Figure 4.4. 
 
Figure 4.4  Ammonolysis pathway of dimethyl succinate. 
Dimethyl 3-Hexendioate 
Several effects of unsaturated bonds in the ester ammonolysis was discussed in the 
previous section. To avoid conjugate addition during the ammonolysis reaction, a 
straightforward method is starting from the unsaturated molecules without conjugate C-C 
double bonds, so dimethyl 3-hexendioate was selected. This chemical can be derived by 
applying electrochemical catalysis of muconic acid to get 3-hexenedioic acid and then 
following with direct esterification. Dimethyl 3-hexendioate is the molecule which contains 
six carbons and an unsaturated bond in the middle but does not conjugate with any of the 
ester group. 
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Ammonolysis of dimethyl 3-hexendioate was conducted at 25 oC for 24 hours; the 
result is shown in Figure 4.5. The unsaturated amide was formed and only traced amount of 
adducts can be found. However, the conversion was difficult to be confirmed owing to the 
high volatility of the reactant. The conversion was planned to be calculated based on the 
results from high-performance liquid chromatography (HPLC) in the future. The maximum 
yield would be tested after the conversion could be determined. 
  
Figure 4.5  Ammonolysis of dimethyl 3-hexendioate at 25 oC for 24 hours. 
Ammonolysis Reactivity of Different Unsaturated Esters 
After understanding the major reaction pathways of the four carbon diesters above, 
more ester ammonolysis reactions were tested to understand the general structural effect of 
ester ammonolysis. The phenomenon that unsaturated bonds are important in ester 
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ammonolysis was confirmed in the previous section, so the reactants were selected to be the 
pairs of saturated and unsaturated esters. 
To compare the ammonolysis reaction rates of different esters, all reactions were 
conducted for 12 hours, and the products were analyzed by NMR spectroscopy. The results 
were summarized in Table 4.3. The amide yield in Table 4.3 includes both unsaturated amide 
and adducts. A general phenomenon that the ammonolysis of unsaturated esters were faster 
than the saturated esters was observed among the trials. 
Table 4.3  Ester ammonolysis reactions comparison at 25 oC for 12 hrs. 
Reactant Amide yield (%) 
Dimethyl fumarate 62.1 
Dimethyl maleate 60.5 
Dimethyl succinate 23.7 
Dimethyl 3-hexendioate 28.1 
Dimethyl adipate 9.2 
A possible reason for this trend is because of an electron withdrawing effect from the 
unsaturated bonds. The second step of ammonolysis mechanism was the nucleophilic attack 
by ammonia, so the positive charge on the carbon in the carbonyl group would affect the rate 
of ammonolysis.29, 30 The electron release effect of the ester groups in ester ammonolysis was 
reported in the literature.31 Based on a similar rule, the alkane on saturated esters can be the 
functional group that pushes the electron to the ester group and reduces the positive charge 
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on the carbon in the carbonyl group. In contrast, the unsaturated bonds near the ester groups 
could be electron withdrawing groups. The C-C double bond near ester groups can further 
withdraw the electron from carbon in the carbonyl group and make it more positively 
charged. This effect might be a reason why unsaturated structures can generally accelerate 
the ammonolysis reaction. However, the different solubility of various amides and different 
reaction pathway from reactants, such as, the ring-closing reaction, might also affect the 
results. 
The result in Table 4.3 can only be viewed as a qualifying result which display the 
difference between saturated and unsaturated ester. A significant challenge of quantitatively 
analyzing this experiment was the low boiling points of the diesters, only dimethyl fumarate 
is in the solid phase at room temperature. The problem is that the remaining reactants might 
be partially removed during the drying process. This problem caused the reactant loss which 
made it difficult to calculate the conversion with multiple undefined byproducts. A possible 
method to conduct quantitative analysis is applying HPLC. The drying process in the sample 
preparation for HPLC system would be replaced by dilution, so the diester were expected to 
remain. Also, the mass balance can be improved. Furthermore, HPLC was considered as a 
more accurate method for quantitative analysis. 
To show the potential improvement that eliminating the drying process can be 
possible achieved, methyl crotonate and methyl butyrate were chosen to demonstrate by 
applying GC-MS. Methyl crotonate is the ester containing four carbons, one ester group, and 
a C-C double bond, which is conjugated with the ester group. In contrast, methyl butyrate is 
the ester containing four carbons and one ester group but no C-C double bonds. The boiling 
points of these two esters and related products are lower, so they can be analyzed in GC-MS. 
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These two were tested in the same ammonolysis condition and the result is shown in Table 
4.4. 
Table 4.4  Ammonolysis of methyl crotonate and methyl butyrate at 25 oC for 12 hrs. 
Reactant Amide yield (%) Carbon balance (%) 
Methyl crotonate 21.1* 92.9 
Methyl butyrate 4.9 98.8 
*: Included saturated and unsaturated amide, but the value was only estimated by crotonamide. 
The amide yield of methyl crotonate in Table 4.4 includes saturated amides. 
However, the calibration curves were only made by methyl crotonate and crotonamide, so 
adducts were also estimated by the calibration curve of crotonamide. The carbon balance of 
methyl crotonate system was lower because of the error generated by byproducts. This error 
was planned to be reduced by making new calibration curves from the other isomers. The 
result now is only as a preliminary result, further calibration is needed. However, the carbon 
balance in Table 4.4 is much better than the result we got from NMR spectrum by 
eliminating the drying process. In addition, ammonolysis rate of methyl crotonate—the 
unsaturated ester—was faster than methyl butyrate—the saturated ester. These results were 
also consistent with the hypothesis we made from Table 4.3. 
Conclusions 
In this chapter, more unsaturated bond effects on ester ammonolysis were discussed. 
By comparing the reaction results between dimethyl fumarate and dimethyl maleate, we 
concluded that the geometric of the molecule is important in product selectivity. Conjugate 
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addition was more possible to occur on the cis-isomer, so to produce unsaturated amide 
through trans-isomer would be a more feasible option. 
In the dimethyl succinate trial, we determined the succinimide was an intermediate of 
dimethyl succinate ammonolysis reaction. Succinimide was formed through the ring-closing 
reaction between the amide group and the ester groups. However, this ring-closing reaction 
was not found in dimethyl fumarate and dimethyl maleate ammonolysis. The unsaturated 
bond between the ester groups blocked the free rotation and kept the amide group and the 
ester group from reacted with each other. 
To produce unsaturated amides, we choose an unsaturated diester, dimethyl 3-
hexenedioate, without conjugate structure as the reactant. High selectivity was reached, and 
the quantitative result would be measured after an HPLC analysis method is developed. 
In the end, the trend that C-C double bonds promote the ammonolysis reaction was 
concluded by comparing the ammonolysis results for 12 hours. A general trend is that the 
ammonolysis reaction rates of the esters with unsaturated bonds is faster than the esters 
without. However, more quantitative results are needed to address the conclusion. 
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CHAPTER 5.    FUTURE WORK 
Several ammonolysis reaction mechanisms were discussed in this work. However, the 
low boiling points of some esters and various intermediates make it difficult to obtain 
accurate concentration by the technique we conducted. Some of the reactants and products 
were lost during the solvent drying process before NMR analysis. To avoid this type of error, 
HPLC-MS was planned to be applied to obtain more accurate concentration. The amount of 
different species would be used to calculate the concentration at different reaction trials. 
Quantitative reaction rate comparison can be determined after all product concentrations are 
determined. 
More complicated esters, such as methyl sorbate and dimethyl muconate, were 
planned to be studied to further testing if the chemistry can be applied to general unsaturated 
esters. In addition, the esters with different functional groups were also planned to be tested 
to understand more selectivity behaviors besides C-C double bonds and ester groups. For 
example, levulinic acid is a product from degradation of cellulose which contains ketone 
group and the acid group. To understand the selectivity between the ester and the ketone 
group might be a potential direction to extend the application of levulinic acid or other bio-
derived acids.  
The next step is trying to find appropriate catalysts for the ammonolysis reaction. 
Knowing that the conjugate addition reactivity of amide is lower than the esters, enhancing 
the ammonolysis rate might be a reasonable way to improve the selectivity to unsaturated 
amides. However, considering the complex chemistry between multifunctional groups, the 
catalysts need to be not only enhancing the ammonolysis reaction, but also cannot enhance 
the rate of side reactions. In the literature, ammonolysis reactions can be catalyzed by base 
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catalysts and ammonium salts.30, 32-34 These catalysts have been reported in the ammonolysis 
of several esters, but no literature reported their effects on selectivity between ammonolysis 
and conjugate addition. To determine if these catalysts can increase the reaction rates and the 
selectivity of unsaturated amides spontaneously as we proposed in chapter 3. We planned to 
test the reactions with sodium methoxide, ammonium salts as the catalysts.35  
Nitrile formation of unsaturated amide was planned be studied as the next target 
reaction to further extend the amination pathways and increase the products which are 
feasible to be obtained from bio-based acids. Selectively converting amide groups into nitrile 
groups without removing other C-C double bonds was also a challenging reaction. In the 
literature, dehydration of amides usually operated under high temperatures or with 
hydrosilanes.21, 22, 36 However, both pathways are challenging for keeping the C-C double 
bonds of the unsaturated amides. This reaction was planned to be conducted in dry solvents 
with catalysts to remove water37, 38 and in high temperatures without catalysts to observe the 
decomposition products.22 To fully complete the amination pathway of unsaturated acid 
derivatives, techniques of selectively converting amides and nitriles into unsaturated amines 
is another interesting reaction that we were planned to do in the future. 
A long-term goal of developing the amination pathway of different carboxylic acid 
derivatives is designing appropriate platform molecules. Understanding the chemistry of 
selective amination can be an access to look back which structure can be selective reacted. 
These structures can help us designing appropriate platform molecules which can fully 
extend the potential of multifunctional groups from bio-based feedstocks. Hopefully, these 
selective functionalization techniques of bio-derived chemicals can lead us to not only 
greener chemical production processes but also more chemicals with advanced properties. 
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